This study investigated aberrations in baroreflex function and cardiovascular reactivity related to the condition of chronic low blood pressure. In 40 hypotensive and 40 normotensive control subjects, blood pressures were continuously recorded at rest and during mental stress. Baroreflex sensitivity was determined in the time domain using sequence analysis. Beat-to-beat hemodynamic indices were estimated from the blood pressure waveforms by means of Modelflow analysis. In the hypotensive sample, a higher baroreflex sensitivity was observed under both conditions. Furthermore, this group experienced a less pronounced increase of blood pressure and stroke volume under stress. The findings underline the involvement of the baroreflex in the long-term setting of tonic blood pressure and suggest its relevance in the etiology of chronic hypotension. In addition, this study documents reduced cardiovascular reactivity and thus deficient hemodynamic adjustment to situational requirements in chronic low blood pressure. (Hypertens Res 2008; 31: 1873-1878)
Introduction
Chronic low blood pressure is relatively widespread; it affects approximately 3% of the general population (1) . It is typically accompanied by symptoms such as fatigue, reduced drive, faintness, dizziness, headaches, cold limbs, and reduced cognitive performance, which can have a considerable impact on subjective well-being and quality of life (1) (2) (3) . According to the WHO (4), the diagnostic criterion for hypotension is systolic blood pressure below 100 mmHg in women and 110 mmHg in men. The condition of chronic ("essential") hypotension must be distinguished from secondary hypotension (e.g., due to blood loss or medication) as well as from the orthostatic form, in which the individual experiences circula-tory problems when assuming an upright position (5) .
The cardiac baroreflex has been considered to be involved in the etiology of chronic hypotension (1, 6) . This regulatory system consists of a negative feedback loop in which changes in the firing rate of the arterial baroreceptors lead to compensatory alterations of heart rate, cardiac contractility, and vasomotor activity (7, 8) . The sensitivity of the baroreflex can be quantified reliably by analyzing the spontaneous covariation of the systolic blood pressure and pulse interval ("sequence analysis") (9, 10) .
Cardiovascular conditions such as cardiac arrhythmias, coronary artery disease, and cardiac infarction are accompanied by alterations in baroreflex function (11) (12) (13) . It is also well established that the baroreflex is inhibited in chronically elevated blood pressure (14, 15) . Therefore, it has been sug-gested that the reflex is involved not only in the buffering of transient changes in arterial pressure but also in the long-term setting of blood pressure, and thus in the origin of essential hypertension (16, 17) . On account of this, one may predict an increased reflex function in chronic low blood pressure. It has been speculated that in hypotension elevated baroreflex sensitivity results in overcompensation of phasic blood pressure increases, thus stabilizing blood pressure at a lower level (6) .
Besides baroreflex function, the present study aimed to investigate cardiovascular reactivity in chronic low blood pressure. Based on former findings (18, 19) , hemodynamic adjustment to acute stress was hypothesized to be reduced.
Methods

Participants
Forty hypotensive and 40 normotensive control subjects participated in the study. Individuals with relevant physical or mental diseases were excluded. Health status was assessed by means of an anamnestic interview and a questionnaire covering diseases of the cardiovascular, respiratory, gastro-intestinal and uro-genital systems, the thyroid, and the liver, as well as metabolic diseases, psychiatric disorders, and chronic pain. None of the participants used any kind of medication that affected the cardiovascular or central/peripheral nervous system. All subjects were right-handed according to the Edinburgh Handedness Inventory (20) .
The hypotensive and the control groups were matched according to age and gender. Each sample consisted of 32 female and 8 male subjects. Information about blood pressure, as recorded just before the experimental procedure, age, and body mass index (BMI) in the sample is given in Table 1 . Sixty-three of the participants were university students (31 in the hypotensive sample, 32 in the control group). Ten of the remaining subjects were employees, 4 were self-employed and 3 were unemployed.
Fifteen of the women in the hypotensive group and 20 of the women in the control group were using oral contraceptives (U= 432.0, p= 0.23). Five hypotensive and 3 control subjects reported that they had their period on the day of the experiment (U= 415.5, p= 0.39). The average time interval from the end of the latest period did not differ significantly between the remaining women in the hypotensive and control groups (hypotensives: 13.45±5.78 days [mean±SD]; controls: 13.07±7.16 days; t = 0.26, p= 0.80).
Recording of Hemodynamic Data
Blood pressure was monitored continuously using a Finometer device (Model-2; Finapres Medical Systems, Amsterdam, The Netherlands). The cuff of the Finometer was applied to the mid-phalanx of the third finger of the right hand. In order to control for the influence of hydrostatic level errors, the height-correction unit integrated in the device was used. For periodic recalibration, the Physiocal feature (21) was in operation. The signal was digitized at a sample rate of 200 Hz.
Procedure
Assignment of subjects to the two study groups was carried out on the basis of blood pressure readings taken in a screening session conducted at least 1 week prior to the main experiment and again at the beginning of the experimental session. After a rest period of 10 min, three sphygmomanometric blood pressure measurements were taken in a sitting position. For this purpose an automatic inflation blood pressure monitor (MIT, TYP M CR15; Omron, Bannockburn, USA) was used. Readings were separated by 5 min rest intervals. Women whose mean systolic blood pressure was less than 100 mmHg and men whose mean systolic blood pressure was below 110 mmHg were assigned to the hypotensive group. The inclusion criterion for the control group was systolic blood pressure between 115 and 140 mmHg. The criteria had to be fulfilled at both the screening and experimental sessions. Subjects were requested not to smoke or drink alcohol or beverages containing caffeine for 3 h prior to both sessions.
In the experimental session, measures of baroreflex sensitivity and hemodynamics were obtained at rest and during mental stress induced by a serial subtraction task. During the 5 min resting phase, participants were asked to sit still, without speaking, and to relax with their eyes open. The subtraction task included a 3 min interval during which subjects had to count down from 700, subtracting 17 each time. They were asked to perform the task as quickly and as accurately as possible.
Data Analysis
In the first step of data processing, the blood pressure data were resampled at 1,000 Hz by means of spline interpolation using MATLAB software (The MathWorks, Inc., South Asheboro, USA). Baroreflex function was quantified employing a software program developed by Reyes del Paso (22) . The program locates sequences of three to six consecutive heart cycles in which systolic blood pressure increases are accompanied by increases in pulse interval and those in which blood pressure decreases are accompanied by decreases in Data are means± SD.
pulse interval. Baroreflex sensitivity was expressed as the change in pulse interval (in ms) per mmHg blood pressure change within these sequences, measured by the slope of the regression line (10, 23) . (The validity of this index has been well documented (10, 22, 23) . However, although sequence analysis yields accurate measures of baroreflex function close to the operating point, i.e., in the habitual blood pressure range, this technique, in contrast to invasive techniques, does not enable analysis of the baroreflex curve in the full blood pressure range (10).) Hemodynamic parameters were determined based on the Modelflow method (24) using the software Beatscope 1.1a (Finapres Medical Systems). Therefore, the raw data recorded at 200 Hz were used. The Modelflow technique makes it possible to model blood flow from arterial pressure by computing a flow wave that is integrated to obtain beat-to-beat stroke volume (in mL). The method has proved to be particularly reliable in quantifying within-subject changes in stroke-volume (25) . Blood pressure (in mmHg), heart rate (in beats/ min), cardiac output (in L/min), and total peripheral resistance (in MU) were also included in the analysis.
All indices obtained were averaged over the time intervals of the resting and stress conditions. The data on baroreflex sensitivity was analyzed using an analysis of variance (ANOVA) for repeated measures. Blood pressure group (hypotensive vs. control group) was applied as a betweensubjects factor and experimental condition (rest vs. stress) was applied as a within-subjects factor. Cardiovascular reactivity was quantified by computing relative (%) changes in the hemodynamic parameters between both experimental conditions. The revealed indices were compared between the blood pressure groups using t-tests (one-tailed testing).
Results
Baroreflex sensitivity under resting conditions and during mental stress was higher in the hypotensive than in the control group, with reflex sensitivity (ms/mmHg) generally being lower under stress (rest: hypotension, 13 Figure 1 displays the scatter plots for the relationships between systolic blood pressure and baroreflex sensitivity at rest and during stress across both experimental groups (rest: r= 0.29, p< 0.01; stress: r= 0.42, p< 0.01).
All hemodynamic parameters increased under the stress condition. With respect to systolic and diastolic blood pressure, as well as cardiac output, the magnitude of the increase was significantly lower in the hypotensive than in the control group (Fig. 2 ).
Discussion
As a main result, the study revealed markedly higher sensitivity of the cardiac baroreflex in individuals with chronic low blood pressure at rest as well as under conditions of mental stress. This may indicate resetting of the operating point of the reflex to lower blood pressure values. The baroreflex system is commonly viewed as the main mechanism for shortterm stabilization of blood pressure (7, 8) . More recently, however, its importance for setting the long-term level of blood pressure has been taken into account (15) (16) (17) . This idea had been challenged in the past, mainly because the baroreceptor system shows a certain degree of habituation ("resetting") to altered tonic blood pressure levels (26, 27) . Observations in animals, however, have suggested that the baroreceptors do not completely reset and that the activity of the afferent branch of the baroreflex remains elevated in hypertension (28) . Moreover, in animals, surgical baroreceptor denervation led to a sustained blood pressure increase (29, 30) , whereas prolonged stimulation of the baroreceptor afferents produced a sustained blood pressure decline (16) . Data from humans also support the role of the baroreflex in the long-term regulation of blood pressure. In addition to the well-known baroreflex-hyposensitivity in chronically elevated blood pressure (14, 15) , there is evidence of an inverse relationship between baroreflex sensitivity and tonic blood pressure in healthy normotensive subjects (17, 31) . In a recent longitudinal study, reduced baroreflex sensitivity predicted a 5-year rise in blood pressure (32) . Clinical observations showed that patients with complete denervation of the carotid baroreceptors experience severe labile hypertension (33, 34) . This is also consistent with studies demonstrating that an increase of baroreflex sensitivity by means of biofeedback is followed by blood pressure attrition (35) . Taken together, these findings suggest that inter-individual differences in baroreflex sensitivity are not merely epiphenomena of varying tonic blood pressure levels, but that the baroreflex is causally involved in setting tonic blood pressure. Thus, on account of the present data, it seems justified to regard hyper-sensitivity of the baroreflex as a relevant factor in the origin of chronic hypotension.
The significant decrease in baroreflex sensitivity during mental load that was observed in both study groups most likely resulted from stress-related autonomic modulation. Given the evidence linking baroreflex sensitivity with parasympathetic tone (36, 37) , the attrition may reflect vagal withdrawal induced by mental activity. The reduction of baroreflex sensitivity under such conditions attenuates the buffering effect of the reflex, thereby facilitating a stressinduced increase in blood pressure. This may be regarded as part of an adaptive mechanism enabling improvement of energetic and metabolic supply during acute stress (38) .
The rise of the hemodynamic parameters during mental load can be attributed to stress-related elevation of general cardiac arousal, mediated by autonomic nervous and hormonal pathways (39) . In hypotensives, the increase in blood pressure and cardiac output was significantly smaller than in the control group. This finding is in accordance with previous studies reporting reduced cardiovascular reactivity to mental and physical stress in individuals with chronic low blood pressure (18, 19, 40) . One may hypothesize that this reflects reduced hemodynamic adjustment to current requirements, resulting in deficient organ perfusion, which in turn may contribute to the development of hypotensive symptoms. This is also in line with the previously documented deficits in cerebral blood flow regulation in low blood pressure (1, 41) . These aberrances include reduced adjustment of brain perfusion to mental activity, which was shown to be relevant for the genesis of hypotension-related cognitive deficits (19, 42) .
One limitation of the present study results from the focus on chronic hypotension. Keeping in mind that orthostatic hypotension is also a highly relevant and prevalent disorder (5) , it may also be worthwhile to conduct orthostatic testing in future studies. It would also be of interest to assess subjective hypotensive symptoms and relate these to baroreflex function and cardiovascular reactivity, which may yield further information about the clinical relevance of aberrant cardiovascular regulation.
